The soybean vegetative storage protein genes VspA and VspB encode vacuolar glycoprotein acid phosphatases. Transcription of the Vsp is synergistically activated by jasmonic acid or methyl jasmonate (MeJA) and soluble sugars. The action of these modulators is mediated by two different DNA domains in the VspB promoter. In this study, we present new data regarding VspB regulation by sucrose and inorganic phosphate, which suggest a common mechanism of transcriptional control for Vsp and other sugar-inducible genes. We found that the sugar-mediated activation of VspB expression was inhibited by phosphate. Deletion analysis and transient assays in tobacco protoplasts identified a 130-bp DNA domain in the VspB promoter that mediates both sucrose induction and phosphate inhibition. Transcription mediated by this DNA domain was induced by phosphate elimination from the protoplast incubation medium, even in the absence of sucrose. The effect of sucrose and phosphate on VspB expression was studied in vivo in severa1 ways. Depletion of phosphate from soybean cell cultures by the addition of mannose stimulated VspB expression, even in the absence of sucrose or MeJA. In illuminated soybean leaves treated with MeJA, inhibition of photosynthetic electron transport by DCMU decreased VspB expression. In contrast, VspB expression in soybean leaves stimulated by phosphate depletion was not influenced by DCMU. Moreover, sucrose-stimulated expression of the sugar-responsive genes lipoxygenase A and chalcone synthase of soybean and proteinase inhibitor II and class I patatin of potato was inhibited by phosphate. Like VspB, these genes were stimulated by phosphate depletion in the absence of exogenous sucrose. We propose that sugar-responsive genes are activated, in part, by accumulation of sugar-phosphates and concomitant reduction of cellular phosphate levels. These data may help explain recruitment of the Vsp, which encode acid phosphatases, as vegetative storage proteins.
INTRODUCTION
The soybean vegetative storage proteins (VSPs; reviewed in Staswick, 1990) were originally identified as leaf proteins that accumulated in depodded plants (Wittenbach, 1982 (Wittenbach, , 1983a (Wittenbach, , 1983b . Within a few weeks of continuous depodding, the proteins accumulated to .V450/0 of the total leaf soluble protein.
VSPa and VSPp accumulate before flowering, decline during early seed development, and reaccumulate during seed pod maturation (Wittenbach, 1982) . In leaves, the VSPs are mainly localized in the vacuoles of bundle sheath cells and a specialized layer of leaf cells called the paraveinal mesophyll Giaquinta, 1983a, 1983b; Franceschi et al., 1983) . This one-cell-layer-thick tissue connects the vascular bundles at the leve1 of the phloem. Photosynthetic metabolites produced in mesophyll cells pass through this cell layer To whom correspondence should be addressed.
in route to the phloem for export from leaves (Franceschi and Giaquinta, 1983c; Liljebjelke and Franceschi, 1991) . Based on the developmental pattern of accumulation of the VSPs, their localization, and accumulation in response to removal of reproductive sinks and blocking leaf phloem export (petiole girdling), it has been suggested that the proteins serve as vegetative sinks for temporary storage of carbon and nitrogen (Witten bach, 1983a) . Vsp mRNA abundance is high in apical tissues of soybean seedlings, including stems, cotyledons, and young leaves (Mason et al., 1988; Staswick, 1988; Mason and Mullet, 1990) . In mature plants, the RNA accumulates to high levels in developing leaves, stems, pods, and flowers, but to low levels in roots, mature leaves, and seeds (Staswick, 1989; Mason and Mullet, 1990) . This pattern of distribution is'in agreement with the proposed storage role of the VSPs (Wittenbach, 1983a) . VSPa and VSPp are 80% identical in amino acid sequence and exist as homodimers and heterodimers (Mason et al., 1988; Staswick, 1988; Spilatro and Anderson, 1989; DeWald et al., 1992) :Purified VSP homodimers (VSPa and VSPp) and heterodimers (VSPdp) possess low-acid phosphatase activity (DeWald et al., 1992) . The proteins can liberate phosphate from Several different substrates, but VSP heterodimers are most active on short 'chain polyphosphates.
In addition to developmental control, Vsp gene expression is modulated by wounding and water deficit (Mason et al., 1988; Mason and Mullet, 1990 ; Staswick, 1990) . Several lines of evidente indicate that jasmonic acid or methyl jasmonate (MeJA) are inducers of the Vsp and other wound-induced genes (Mason and Mullet, 1990 ; Anderson, 1991; Franceschi and Grimes, 1991; Staswick et al., 1991) . For 
1992).
We recently demonstrated that Vsp mRNA levels are induced by soluble sugars, which act in asynergistic manner with MeJA (Mason et al., 1992) . Vsp expression is enhanced by plant illumination, and inhibitors of photosynthetic electron transport inhibit the effect of light (Mason et al., 1992) . The expression of other wound-inducible genes is also stimulated by light (Schulze-Lefert et al :, 1989; Johnson and Ryan, 1990 ; Palm et al., 1990 ; Kim et al., 1992) . In agreement with the finding that MeJA and sugar stimulate the expression of Vsp, we determined that the promoter of VspS contains MeJA and sugar-responsive domains, which can act independently (Mason et al., 1993) . The MeJA-responsive domain is located between positions -585 and -535 and contains a G-box motif and a C-rich sequence. The sugar-modulated domain is located between positions -520 and -165. In addition to MeJA and sucrose, other factors modulate Vsp expression. For instance, we recently found that the plant hormone auxin inhibits Vsp expression (DeWald et al., 1994) . Further investigation of this phenomenon using transgenic plants containing either the MeJA-responsive domain or the sugar-responsive domain showed that auxin inhibits sugar-induced expression mediated by the VspS sugar-responsive domain.
Orthophosphate, and in particular its partition between different cellular compartments, plays a key role in many intracellular processes by affecting enzymatic activities (Preiss, 1984; Walker and Sivak, 1986; Huber and Huber, 1992) . Transcrip- tional regulation by phosphate is well characterized in the PHO system of yeast, consisting of genes encoding for acid and alkaline phosphatases and a phosphate translocator (Vogel and Hinnen, 1990; Oshima, 1991) . In plants, the activity, level, and localization of severa1 acid phosphatases are affected by phosphate (Goldstein et al., 1988 ; Ullah and Gibson, 1988 ; Lefebvre et ai., 1990; Duff et al., 1991a Duff et al., , 1991b , although the biochemical basis of phosphate-modulated expression has not been studied in detail.
In this study, we examined the effect of phosphate on the expression of VspS. We found that phosphate represes Vsp transcription and that this response is mediated through the sugar-responsive domain of the Vsp promoter. Our experiments suggest that phosphate is a key factor that modulates transcription of Vsp and other sugar-induced genes. Based on our results, we propose a model to explain the metabolic connection between phosphate, sugars, and Vsp expression.
RESULTS

Phosphate lnhibits Vsp Expression
We have previously shown that Vsp expression in soybean cell culture is stimulated synergistically by sugars and MeJA (Mason et al., 1992) . Because the level and the activityof other plant acid phosphatases are affected by inorganic phosphate present in the cell, we examined whether phosphate would also have an effect on MeJA-and sugar-induced Vsp expression. To do this, soybean cell cultures were transferred into media containing 2% sucrose at normal (1.25 mM) and severa1 other levels of phosphate (0.31, 0.63, 2.5, and 6.25 mM). After 3 days, MeJA was added to a final concentration of 10 FM, and Vsp mRNA levels were measured 24 hr later. The results in Figure 1 show an eightfold change in MeJA plus sucrose stimulated Vsp expression over a narrow range of phosphate concentration. Fifty percent of maximal inhibition occurred at 1.25 mM, well within the physiologically relevant range of phosphate.
Analysis of the Sugar-Responsive Domain of the VspB Promoter
VspS transcription is induced by MeJA and sugars that act synergistically through adjacent MeJA and sugar-responsive domains in the VspS promoter (Mason et al., 1992 (Mason et al., , 1993 (A) DMA fragments containing different regions of the VspB promoter were prepared and cloned in front of the CaMV 35S minimal promoter, tobacco etch virus (TEV) 5' nontranslated leader sequence, and the Gus coding region as described in Methods. The constructs were transfected into tobacco protoplasts that were incubated in media containing 0 (control), 50, 100, and 200 mM sucrose or MeJA, as indicated. After 48 hr of incubation, the protoplasts were extracted and assayed for GUS activity. The results from one experiment are shown as the ratio of the GUS activity in the presence of different sucrose concentrations to the activity in the absence of sucrose (control) or the GUS activity of the MeJA treatment to the control activity. The experiment was repeated twice giving similar results. ND, not determined.
(B) As a control for the efficiency of transformation of the constructs shown in (A), RNA was extracted from protoplasts incubated in the presence (+) or absence (-) of 200 mM sucrose. The indicated amounts of the RNA were assayed for transcript levels of the Nptll gene (present on the vector) using the quantitative reverse transcriptase-PCR method (Methods). The resulting labeled PCR fragments were separated on an agarose gel.
one or both of these promoter domains. To examine whether sucrose and phosphate modulation occurs at the transcriptional level through the same promoter domain, we first further delimited the sugar-responsive domain previously located in a DNA fragment of about 500 bp (construct B, figure 8 in Mason et al., 1993) . Polymerase chain reaction (PCR) products containing subfragments of the sugar-responsive domain were fused to a cauliflower mosaic virus (CaMV) minimal promoter and p-glucuronidase (Gus) construct and transfected into protoplasts for transient expression assays. After transfection, the protoplasts were incubated in media containing various levels of sucrose. As shown in Figure 2A , the expression from the full-length construct (construct A) was induced eight-to 10-fold by 100 and 200 mM sucrose. A 6.5-fold induction was observed using the -536 to -401 fragment of the promoter region (construct C), demonstrating that sugar-responsive elements are localized in this region. Most of the induction induced by construct C was not observed in construct B, suggesting that the -401 to -297 fragment contains negative cis elements that interfere with Sucrose induction mediated by the more upstream positive acting cis elements. Alternatively, reduced inducibility could be due to altered spacing between DNA elements in this construct. Expression of construct D increased about 2.5-fold in response to sucrose, suggesting that additional minor positive cis elements might be located in the -284 to -168 region. As a control for the efficiency of the transfection of the various constructs and to test for possible nonspecific influences of sucrose on transcription, mRNA levels of neomycin phosphotransferase II (Npfll; located on the vector upstream of the fused promoter fragments) were examined using the reverse transcriptase-PCR methodology. Depletion of sucrose from the protoplast medium had only small effects on Nptll expression, indicating that sucrose is having a selective effect on constructs containing Vspcis elements ( Figure 28 ). In addition, the results demonstrate that the PCR method was responsive to mRNA leve1 because the intensity of the signals increased greatly when the initial amount of the RNA used in the reverse transcription reaction was increased 10-fold.
Phosphate Modulates VspB Transcription through the Sugar-Responsive Domain
To test if phosphate was inhibiting the action of the VspS sugarresponsive domain, constructs A and C, which contain sucroseresponsive cis elements (see Figure 2A ), were transfected into tobacco protoplasts. After transfection, the protoplasts were incubated in the presence or absence of phosphate. The results in Table 1 show that in the presence of 1.25 mM phosphate, the typical concentration used in protoplast incubation medium, sucrose induced a six-to sevenfold increase in Gus expression over the basal activity (-sucrose/+phosphate treatment), in agreement with the results of Figure 2A . The same fold increase over the basal activity was observed in the absence of sucrose when phosphate was eliminated from the medium. The addition of 200 mM sucrose in the absence of phosphate resulted in a 50-to 80-fold increase in GUS activity compared to protoplasts in medium containing 1.25 mM phosphate and no sucrose. These results suggest that phosphate inhibition of VspS expression acts through cis elements located within the sugar-responsive domain. Phosphate also had a small effect on the control construct (construct E).
Mannose-Mediated Phosphate Depletion Stimulates Vsp Expression
The results in Table 1 demonstrate that phosphate and sucrose act on VspS expression through a common 130-bp DNA domain. The action of these two modulators could be independent or linked. To further explore this interaction, cellular phosphate pools were reduced using mannose in the presence or absence of sucrose. Unlike other hexose sugars, such as glucose and fructose, the addition of mannose (or glycerol) to most plant cells results in the accumulation of mannose phosphate, which is only slowly metabolized (Herold et al., 1976; Loughman et al., 1989) . Therefore, unless exogenous phosphate is provided, the addition of mannose to cells causes a reduction of cytoplasmic phosphate pools (Loughman et al., 1989; Weiner et al., 1992) . In the case of maize leaves, the addition of 5 mM mannose reduced cytoplasmic phosphate from 1.2 mM to less than 0.2 mM within 5 hr, whereas vacuolar pools of phosphate took longer to be altered by mannose treatment (Loughman et al., 1989) .
Soybean cell cultures were transferred into media containing various levels of phosphate with or without 2% sucrose. One day after transfer, mannose was added and after 24 hr, VspS mRNA levels were quantified using RNA gel blots. The results in the first three columns of Figure 3A Figure 2A .
dThe sucrose concentration in the DrotoDlast incubation medium was 200 mM.
The phosphate concentration in the protoplast incubation medium was 1.25 mM. Suspension-cultured soybean cells were transferred into media containing the indicated potassium phosphate concentrations in the presence (+) or absence (-) to 6). This indicated that depletion of phosphate by mannose stimulates VspS expression even at high levels of sucrose. A similar result was observed in the presence of MeJA ( Figure  3A , columns 7 to 12). Phosphate levels have a different influence on P-tubulin mRNA abundance, as shown in Figure 3B . Removal of phosphate from the medium reduced 0-tubulin mRNA abundance m40 to 60% relative to levels observed at high phosphate. In the past, we have noticed a correlation between growth inhibition and reduction of P-tubulin mRNA abundance (Mason et al., 1992) . Therefore, removal of phosphate from the medium may have reduced growth rates. This is not surprising because phosphate depletion from the growth medium results in a decrease in intracellular levels of phosphate, ATP, and ADP (Duff et al., 1989; Fredeen et al., 1990; Lefebvre et al., 1990; Theodorou et al., 1991; Theodorou and Plaxton, 1993) . However, the addition of mannose caused an increase in the expression of VspS, even in cultures depleted of phosphate. We interpreted this result to indicate that mannose is able to further decrease cytoplasmic phosphate pools. P-Tubulin mRNA levels were maximal when 1.25 mM phosphate was in the medium, and further increases in phosphate concentration had little effect on the levels of P-tubulin mRNA. In contrast, VspS mRNA accumulation was significantly inhibited when phosphate levels were increased from 1.25 to 6.25 mM.
The influence of sucrose depletion on VspS and P-tubulin gene expression in soybean cell cultures is shown in Figures  3A and 3 8 (columns 13 to 16 ). The levels of P-tubulin and VspS mRNA were significantly decreased without sucrose, indicating that sucrose had a global influence on gene expression. Interestingly, even in the absence of sucrose, VspS expression was stimulated by the addition of mannose either in the absence or presence of MeJA ( Figure 3A , columns 13 to 16). The inability of mannose to restore P-tubulin expression to levels observed in the presence of sucrose showed that mannose is unable to serve as an energy source for the cells.
lnhibition of Photosynthetic Electron Transport Has No Effect on Mannose-lnduced Vsp Expression
Wounded soybean plants accumulate MeJA (Creelman et al., 1992) , which stimulates Vsp expression (Mason and Mullet, 1990) . However, when soybean leaves are wounded and kept in darkness, only small increases in Vsp mRNA are observed (Mason et al., 1992) . In contrast, wounded soybean leaves exposed to light accumulate a large amount of Vsp mRNA unless the leaves are treated with an inhibitor of photosynthesis (Mason et al., 1992) . These results, combined with the observation that sugars simulate Vsp expression (Mason et al., 1992) , suggested that photosynthesis stimulates Vsp expression in wounded leaves through carbon fixation and the subsequent production of sucrose. In our study, Vsp expression has been shown to be modulated by phosphate. Therefore, it is possible that light-stimulated expression of Vsp is mediated, in part, through changes in phosphate pools that result from photosynthesis.
The role of phosphate in light-modulated expression of Vsp was investigated by incubating excised soybean leaves in the light in the presence of mannose. As shown in Figure 4 (column 2), mannose treatment resulted in an increase in Vsp mRNA, which was not blocked by the photosynthetic electron transport inhibitor DCMU (Figure 4, column 3 ). This indicated that mannose can replace the influence of photosynthesis on Vsp expression. To test whether DCMU was effective, leaves were treated with MeJA in the presence or absence of DCMU ( Soybean plants were grown as described in Methods. The third or fourth trifoliate leaf was excised at the petiole and placed in water or in 50 pM DCMU in the light. After 3 hr of incubation, MeJA or mannose was added to final concentrations of 10 pM and 40 mM, respectively. Following 24 hr of incubation in the light, the leaves were collected and frozen in liquid nitrogen. RNA was extracted, assayed for Vsp mRNA, and quantitated as described in Methods.
earlier results showing that Vsp expression is stimulated by photosynthesis (Mason et al., 1992) .
Other Sucrose-lnducible Genes Are lnhibited by Phosphate VspS is one of severa1 genes that are induced by sugars (Hattori and Nakamura, 1988; Salanoubat and Belliard, 1989; Wenzler et al., 1989a; Johnson and Ryan, 1990; Müller-Rober et al., 1990; Tsukaya et al., 1991) . Therefore, we examined four other sugar-modulated genes, lipoxygenase A (LoxA), proteinase inhibitor II (Pinll), chalcone synthase (Chs), and class I patatin, to determine if their expression is modulated by phosphate in a manner similar to VspB. LoxA from soybean was recently cloned, and its expression was found to be similar to VspB, including wounding and MeJAstimulated expression in a light-dependent manner (Bell and Mullet, 1991) . Because the effect of sucrose has not been determined directly, we first examined its effect on LoxA expression. Detached mature soybean leaves were incubated in the light in the presence or absence of sucrose for 24 hr, and LoxA mRNA levels were determined. As shown in the upper left-hand gel of Figure 5A (lanes 1 to 3) , water and mannitol had no effect on LoxA mRNA accumulation (lanes 1 and 2) . In contrast, 200 mM sucrose strongly induced LoxA expression (lane 3). Similar results were observed in soybean cell cultures (lanes 4 to 7) , where, unless both sucrose or MeJA were present, no increase in Vsp mRNA level was detected. The effect of phosphate on LoxA mRNA accumulation was examined in soybean cell cultures, and the results are shown in the lower gel of Figure 5A (lanes 1 to 8) . LoxA was expressed at very low levels in untreated soybean cell cultures ( Figure  5A, lanes 1 and 2) . However, the addition of MeJA increased LoxA mRNA levels in cell cultures containing 1.25 mM phosphate, and induction was inhibited when phosphate levels in the medium were increased to 6.25 mM ( Figure 5A, lane 4) . The addition of mannose, which depletes cellular phosphate, also increased expression of LoxA ( Figure 5A , lane 5). As expected, the action of mannose was blocked when the phosphate concentration in the medium was increased ( Figure 5A , lane 6). The inhibitory effect of phosphate on LoxA expression could also be observed when gene expression was stimulated by both MeJA and mannose ( Figure 5A , lanes 7 and 8).
Chs encodes chalcone synthase, a key enzyme in the phenylpropanoid pathway. This gene is induced by wounding, MeJA, sugars, and light (Tsukaya et al., 1991) . Expression of Chs in soybean cell cultures was readily detected without addition of MeJA, and increasing the concentration of phosphate in the medium caused a decrease in Chs mRNA level (Figure 58 , lanes 1 and 2). Reduction in intracellular phosphate concentrations by the addition of mannose to the media further increased ChsA mRNA levels, an effect that was reversed by addition of phosphate (Figure 58, lanes 3 and 4) .
The genes encoding proteinase inhibitor proteins have been studied extensively (Johnson and Ryan, 1990; Kim et al., 1991; Peiia-Corths et al., 1992) . Members of this gene family, including the potato Pinll gene, have been shown to be induced by wounding, MeJA, and sugars. Mannose was previously reported to induce transcription from the Pinll promoter (Kim et al., 1991) . However, the connection between -mannose induction and phosphate modulation of Pinll expression was not analyzed. The effect of phosphate on Pinll expression was studied using excised potato leaves. When leaves were fed water, a Iow level of phosphate-repressible Pinll expression was observed ( Figure 5C, lanes 1 and 2) . The addition of sucrose, mannose, or both strongly induced Pinll expression ( Figure   5C , lanes 3, 5, and 7). Phosphate inhibited Pinll expression induced by a combination of sucrose and mannose by -50% ( Figure 5C , lane 7 versus lane 8).
The class I patatin gene family encodes lipid acyl hydrolases that make up 30 to 40% of the total soluble protein in potato tubers (Wenzler et al., 1989a (Wenzler et al., , 1989b Jefferson et al., 1990) . Class I patatin is also expressed in leaves under conditions of sink limitation and can be induced by sucrose. Transgenic (A) LoxA mRNA accumulation. The third or fourth trifoliate leaf was excised at the petiole and placed in water, 200 mM mannitol, or 200 mM sucrose in the light for 24 hr. RNA was extracted and assayed for LoxA mRNA as described in Methods (upper left-hand gel, lanes 1 to 3). Alternatively, suspension cells were transferred into media containing 0 or 200 mM sucrose. Three days after transfer, MeJA was added to the indicated cultures to a final concentration of 10 \iM. After 24 hr, RNA was extracted and assayed for LoxA mRNA level (upper righthand gel, lanes 4 to 7). To examine the influence of phosphate on LoxA expression, suspension-cultured soybean cells were treated the same potato plants containing a 2.5-kb fragment of the class I patatin promoter were examined for sucrose and phosphate modulation of GUS expression ( Figure 5D ). Sucrose treatment resulted in a fivefold induction in GUS activity, mannose treatment resulted in a threefold increase, and pyrophosphate inhibited induction. Potassium pyrophosphate was used in this experiment because it was more effective than potassium phosphate in inhibiting patatin gene expression in excised potato leaves (data not shown).
DISCUSSION
Regulation of Vsp and Other Sugar-Responsive Genes by Phosphate
The results presented in this paper demonstrate that phosphate inhibits transcription of soybean Vsp and that the sugar-induced expression of Vsp and other sugar-modulated genes is mediated, in part, through changes in phosphate pools. This information connects the addition of sucrose to cells, which depletes phosphate through formation of hexosephosphates to induction of vegetative storage proteins, which utilize hexose-phosphates through amino acid and protein biosynthesis thereby releasing phosphate. The ability of phosphate to repress Vsp expression has been documented in several ways. In cell culture, Vsp mRNA accumulation was synergistically stimulated by MeJA and sucrose (Mason etal., 1992) . In our study, increasing phosphate in the cell culture medium from 0.3 to 6.25 mM inhibited the accumulation of Vsp mRNA mediated by MeJA and sucrose by more as described for Figure 4 . RNA was extracted and assayed for LoxA mRNA (lower gel, lanes 1 to 8). (B) Chs mRNA accumulation. Suspension-cultured soybean cells were transferred into media in the presence (+) or absence (-) of potassium phosphate. One day after the transfer, mannose was added to the indicated samples to a final concentration of 40 mM. Following 24 hr of incubation, RNA was extracted and assayed for Chs transcript level as given in (A). (C) Pinll mRNA accumulation. Detached leaves of 6-to 8-week-old potato plants were placed in the indicated solutions for 24 hr in the dark. RNA was extracted and assayed as described in (A). (D) Class I patatin and Gus expression. Four-to five-week-old transgenic potato plants, transformed with a construct containing 2.5 kb of the 5' DNA flanking sequence from class I patatin genomic clone PS20 (Wenzler et al., 1989a) fused to the Gus coding region, were grown as previously described (Wenzler et al., 1989c) . The shoots were dissected into small fragments, each containing a 1-cm-long stem and leaf, and placed in Murashige and Skoog (1962) salts (Sigma)-0.9% agarose media containing the indicated sucrose, pyrophosphate, and mannose concentrations. After 5 days of incubation as described by Wenzler et al. (1989c) , the leaves were extracted and assayed for GUS activity.
than 80%. The promoter-Gus constructs in protoplasts (Figure 1 ). Furthermore, transcription from this same DNA domain was inhibited by phosphate (Table 1) . This led to the idea that sucroseinduced expression of the Vsp might be mediated, in part, through the influence of sucrose on cellular phosphate pools.
Metabolic Connections between Sucrose, Phosphate, and Vsp Expression
Cellular phosphate levels are maintained within a narrow range in plant cells because of the importance of phosphate in photosynthesis and other metabolic processes (Preiss, 1984; Walker and Sivak, 1986) . As shown in Figure 6 , the addition of sucrose, glucose, or fructose to soybean cells is expected to reduce cellular phosphate through the formation of hexosephosphates (Thorne and Giaquinta, 1984; Krapp et al., 1993) .
Plant cells can store excess carbon by synthesizing starch or sequestering sucrose in vacuoles. In addition, carbon can be used to synthesize amino acids if nitrogen is available Phosphate modulates expression of VspS and other sugar-responsive genes (Pinll, Cbs, LoxA, and patatin). The action of sugar, phosphate, and other modulators, such as auxin, is mediated through a 130-bp sugar-responsive domain (SRD) in the VspS promoter. The addition of sucrose, glucose, or fructose to cells is shown to cause an increase in hexose-phosphates and a reduction in cytoplasmic phosphate, a condition that stimulates Vsp expression. Similarly, accumulation of sucrose derived from photosynthesis could lead to an increase in hexose-phosphates and a reduction of phosphate in the cytoplasm. Utilization of hexose-phosphates during the synthesis of amino acids and the subsequent incorporation of amino acids into vacuolar proteins, such as the VSP, would allow phosphate to be recycled for further carbon assimilation.
( Champigny and Foyer, 1992) . The consumption of hexosephosphates during amino acid biosynthesis would release phosphate for additional biosynthetic processes. Cells have a finite capacity to accumulate amino acids because they are osmotically active and because they inhibit enzymes, such as sucrose phosphate synthase (Huber et al., 1993) . One mechanism of removing amino acids isto use them to synthesize VSPs that accumulate in vacuoles (Walker-Simmons and Ryan, 1977; Ryan, 1987; Sonnewald et al., 1989; Tranbarger et al., 1991) . Therefore, the induction of VSPs in response to the accumulation of sucrose is consistent with the cell's need to create a sink for carbon and to cycle phosphate. If nitrogen is limiting, however, then synthesis of the VSP is reduced (Staswick, The expected connection between photosynthesis, phosphate, and vegetative storage protein synthesis has been observed ( Figure 4 ). As shown in Figure 6 , triose-phosphate, an end product of photosynthesis, is exported from chloroplasts in exchange for cytoplasmic phosphate (Preiss, 1984) . The reduction of cytoplasmic phosphate concentration, among other effectors, stimulates the synthesis of sucrose by activating sucrose phosphate synthase . Synthesis of sucrose from triose-phosphates releases phosphate, allowing continued export of triose-phosphate from chloroplasts (Preiss, 1984; Thorne and Giaquinta, 1984; Walker and Sivak, 1986) . If export of sucrose from cells is blocked by sink limitation (by continuous depodding, for example), then the accumulating sucrose inhibits photosynthesis, in part, through a decrease in phosphate level caused by inhibition of sucrose phosphate phosphatase (Thorne and Giaquinta, 1984) . As outlined in Figure 6 , blocking sucrose export is similar to sucrose feeding. In this situation, carbon must be stored as starch or used for amino acid biosynthesis if carbon assimilation isto continue. The activation of Vsp expression by plant illumination and its inhibition by DCMU, an inhibitor of photosynthesis, demonstrates the linkage between photosynthesis and VSP synthesis. In addition, the ability of mannose to activate Vsp expression in leaves in the presence of DCMU suggests that stimulation of Vsp expression by photosynthesis may be mediated, in part, through a reduction in phosphate.
1990).
Rationale for Selection of an Acid Phosphatase as a VSP VSPs are homologous to one class of plant acid phosphatases, and the isolated proteins exhibit low acid phosphatase activity (Aarts et al., 1991; DeWald et al., 1992) . The enzymes are active on a broad range of substrates, with pyrophosphate and polyphosphates being among the best substrates (DeWald et al., 1992) . The VSPs are relatively insensitive to phosphate and at 5 mM are inhibited -44%. Many plant acid phosphatases are induced by phosphate starvation and secreted into the cell wall, presumably to release phosphate from sources outside the cell (Goldstein et al., 1988; Ullah and Gibson, 1988; Lefebvre et al., 1990; Duff et al., 1991a Duff et al., , 1991b . The VSPs are localized primarily in the vacuole, but a small amount of these proteins is found associated with cell walls (Mason et al., 1988) . It is tempting to speculate that the VSPs were recruited as vegetative storage proteins, in part, because of their induction when cellular phosphate levels decline, a condition that occurs when hexose-phosphates accumulate. Furthermore, the retention of VSP acid phosphatase activity and a phosphateresponsive promoter suggest that the linkage between activation of amino acid storage and phosphate metabolism is still important.
Sucrose and Phosphate Regulate Vsp Expression in a Complex Manner
Sucrose-mediated induction of Vsp expression could occur exclusively through reduction of cellular phosphate levels. Alternatively, sucrose and phosphate could modulate Vsp expression through different pathways that have antagonistic effects on transcription. Severa1 of our experiments indicated that sucrose has a general effect on gene expression in addition to selectively stimulating sucrose-inducible promoters. For example, the addition of 50 mM sucrose to soybean protoplasts stimulated expression from basal promoters and sucroseresponsive promoters approximately twofold (Table 1) . Increasing sucrose levels to 200 mM sucrose did not further increase expression from the basal promoters, but stimulated transcription from sucrose-responsive promoters three-to fourfold. In cell culture, removal of sucrose from the medium greatly reduced Vsp and p-tubulin mRNA levels, and readdition of 2% sucrose to the medium increased the expression of both genes three-to fivefold (Figure 3) . This stimulation occurred in the absence of phosphate and in the presence of mannose, a condition that should minimize modulation of Vsp expression by phosphate. These data indicated that sucrose can influence transcription in a phosphate-independent manner ( Figure 3A , lane 4 versus lane 14). However, it is possible that sucrose plus mannose lowers cellular phosphate more than mannose or sucrose alone. Direct measurements of phosphate pools under these various treatments will be needed to clarify this question.
The effect of phosphate on Vsp expression was observed at high and low sucrose levels. At saturating sucrose levels, the addition of phosphate inhibited Vsp expression and removal of phosphate stimulated it ( Figure 3A) . Phosphate modulated Vsp expression in a similar way in the absence of exogenous sucrose, although overall expression was greatly reduced ( Figure 3A) . Changes in phosphate level in the medium at saturating sucrose also caused changes in P-tubulin mRNA levels. However, in general, these effects were saturated at lower phosphate levels and were much smaller in magnitude than the phosphate-induced modulation of Vsp expression. A two-to threefold effect of phosphate on transcription from a basal promoter was also observed in protoplasts in the presente or absence of sucrose. Finally, the combined effect of sucrose and phosphate on Vsp expression in protoplasts was more than 50-fold, whereas the separate effect of each modulator was -1O-fold.
Overall (Vogel and Hinnen, 1990; Oshima, 1991) . For instance, the gene encoding the acid phosphatase P H 0 5 is transcriptionally induced by two DNA binding proteins, PH02 and P H 0 4 (Vogel et al., 1989 ). The activity of P H 0 4 is regulated by phosphate through PH085, which encodes a protein kinase (Uesono et al., 1992 
METHODS
Chemicals
Methyl jasmonate (MeJA) was obtained from Bedoukian Research (Danbury, CT). Unless otherwise noted, all other chemicals were obtained from Sigma.
Plant Material and Growth Conditions
Soybean suspension cells were cultured in 58 mM sucrosecontaining media in constant light (200 p E m-2 sec-I) with shaking, as described previously (Mason et al., 1992) . Any changes in the growth conditions of these cells are noted in the legends to Figures 1, 3 , 4, 5A, and 58. Harvest of suspension cultures was accomplished by filtering cells from the media and freezing them in liquid nitrogen, with storage at -8OOC for subsequent nucleic acid extraction. Soybean (Glycine max cv Williams 82) plants were grown in controlled environment growth chambers as described by Mason and Mullet (1990) . Potato (Solanum tuberosum cv Desiree) plants were grown in a daily light period of 16 hr (22OC day/l5OC night), as described in the legend to Figure 5D .
RNA Extraction and Quantitation
Total nucleic acid was isolated, fractionated on 1% agarose gels, blotted to nylon membranes (UV-cross-linked and then baked 1 hr), and hybridized with DNA or antisense RNA probes as described by Mason et al. (1992) . An RNA probe was synthesized for the detection of both vegetative storage protein VspA and VspS transcripts; it was prepared by linearizing the H3 cDNA clone (Mason et al., 1988 ) (VspA, inserted at the EcoRl site of pBluescript KS+) with Xbal and by using T3 RNA polymerase. The antisense P-tubulin probe was synthesized as described by Mason et al. (1992) . The DNA probes used to detect soybean lipoxygenase A (LoxA) and chalcone synthase (Cbs) and potato proteinase inhibitor II (Pinll) transcripts were described elsewhere (Sanchez-Serranoet al., 1986; Bell and Mullet, 1991; Creelman et al., 1992) . Hybridization conditions for RNA probes were 65OC (50% formamide, 5 x SSC 11 x SSC is 0.15 M NaCI, 0.015 M sodium citrate], 0.15 mglmL salmon sperm DNA) for 16 hr with shaking (Mason et al., 1992) . These blots were washed once with 2 x SSC, 0.5% SDS for 10 min, and twice with 0.2 x SSC, 0.5% SDS for 10 min at 65OC. Hybridization of DNA probes was done at 45OC, and washing was performed at 55OC in the solutions described above. Alternatively, we used Amersham Rapid-Hyb buffer according to the manufacturer's instructions. Radioactivity in specific bands on the blots was quantified by scanning blots with a blot analyzer (Betascope 603 Blot Analyser; Betagen, Waltham, MA), and data are presented as relative hybridization for each probe.
Protoplast lsolation and Transfection Assays
By using pBllOl as a template (Mason et al., 1993) , different VspS promoter fragments were derived from the domain that mediates response to sugar by polymerase chain reaction (PCR). The PCR promoter fragments were designed with flanking restriction endonuclease recognition sequences and inserted in a vector (pB1132) containing a cauliflower mosaic virus (CaMV) 355 minimal promoter (-88), tobacco etch virus 5' nontranslated leader sequence, and the P-glucuronidase (Gus) coding region (Mason et al., 1993) . Protoplasts were obtained from leaves of 4-to 6-week-old tobacco (Nicotiana tabacum cv Samsun) plants essentially as described by Saul et al. (1988) . Dissected leaves were digested with enzymes (2% cellulase R-10, 1% macerozyme R-10; Yakult Honsha Pharmaceutical, Tokyo, Japan) for 3 hr at 3OOC. Released protoplasts were purified by centrifugation on a Percoll pad (Pharmacia, Uppsala, Sweden)(60% Percoll, 0.4 M mannitol, 0.1 M 2-(N-morpholino)ethane-sulfonic acid, pH 5.8), followed by sequential washes in mannitol and W5 solution (Saul et al., 1988) . Transfections were accomplished in a mannitol-magnesium solution with protoplast concentrations of 3 to 5 x 105 per 100 pL. One to five micrograms of plasmid DNA was added to each sample just prior to transfection in a 2-(N-morpholino)ethane-sulfonic acid-buffered PEG-4000-CaCI2 solution, as described by Saul et al. (1988) . After transfection, protoplasts were transferred to a medium containing osmoticum (mannitol) with and without sucrose (at constant total molarity of sucrose plus mannitol), and incubated for 48 hr in constant light (150 pE m2 sec-l) at 23OC. The protoplasts were harvested by centrifugation (1009 for 5 min) and assayed for GUS activity as described in Mason et al. (1993) .
Quantitative RNA Analysls Using PCR
Neomycin phosphotransferase II (Nptll) mRNA levels were quantitated by a reverse transcriptase-PCR method using RNA isolated from protoplasts essentially as described by Simpson et al. (1993 , with a few modifications. Protoplasts were collected by centrifugation (1009 for 5 min), and total RNA was extracted by resuspension in 200 pL of denaturing solution containing 4 M guanidinium thiocyanate, 25 mM sodium citrate, pH 7, 0.5% sarcosyl, and 0.1 mM P-mercaptoethanol (Chomcynski and Sacchi, 1987) . Twenty microliters of 2 M sodium acetate, pH 4, was added, and the solution was mixed by inverting the tubes. Phenol extraction was performed by the addition of 200 pL of Tris-EDTA-saturated phenol followed by the addition of 40 pL of chloroform-isoamyl alcohol(49:l). The tubes were kept on ice for 15 min and centrifuged at 4OC for 20 min; 1 volume of isopropanol was added to the aqueous phase. RNAwas treated twice with RNase-free DNase (Promega) in two successive rounds of digestion with recovery by ethanol precipitation. One hundred or 1000 ng of RNA was dissolved in 10 pL of H20 and denatured by a 10-min incubation with 10 mM of methyl mercury hydroxide followed by the addition of P-mercaptoethanol to a final concentration of 70 mM. After 3' primers (0.5 mg) specific for the Nptll coding region (Dalta et al., 1991) were added to the RNA, the mixture was heated for 2 min at 92OC. Reverse transcription was performed in a total volume of 25 pL containing 1 x reverse transcription buffer (Promega). 1 mM dATP, dCTf? dTTf? and dGTP, 1 unit of RNasin (Promega), and 15 units of avian myeloblastosis virus reverse transcriptase (Promega) at 42OC for 75 min. The PCR reaction was conducted in a total volume of 100 pL consisting of one-half of the reverse transcription reaction, 100 pmol of each 3' and 5' Npt// specific primers, 1 x PCR buffer (Promega), 3 mM MgCI2, 0.2 mM of deoxynucleotide triphosphates, 10 pCi of 32P-dCTf? and 4 units of Taq polymerase (Promega). Thirty cycles of 92OC for 1 min, 55OC for 3 min, and 72OC for 3 min were performed followed by a 5-min incubation at 72%. The PCR products were separated on a 2% agarose gel; the gel was dried and autoradiographed.
